Abstract: This research presents atmospheric temperature profiles and trends retrieved using COSMIC RO technique and balloon-borne radiosonde instrument in 2007 and a few cases during 2017. By effectively using 'wet' temperature product available at COSMIC Data Analysis and Archive Center (CDAAC) website, an analysis has been made to present temperature profiles and trends at various regions including, Indian, Taiwan and Japan. A one-to-one correspondence is, clearly, seen between temperature profiles retrieved with COSMIC RO and radiosonde instrument.
Introduction
In order to measure climate change accurately, the long-term, global and stable observations of the vertical composition of atmospheric temperature (vertical profile) trends are very much essential [1] . However, it is not an easy task to construct a consistent temperature record using measurements from different instruments where the characteristics of the instrument may be changed due to its changing environment. For example, due to the changing instruments, observation practices, and limited spatial coverage, especially over the oceans, it is very difficult to use temperature measurements from radiosondes for climate studies. Measurements from satellite instruments provide continuous observations with a more complete spatial and temporal coverage than balloon-borne instruments (radiosondes and rawinsondes). Nevertheless, even with absolute calibration against known radiant energy targets before launch, the characteristics of the satellite instrument can still change in response to the extreme environment in space. Due to changing plat-forms, diurnal cycle sampling and orbital decay, inter-satellite offsets are apparent among similar instruments onboard different satellite missions. It is critical to have accurate, consistent, stable, and well calibrated observations from different satellite missions to improve climate change monitoring.
Since 1978, the National Oceanic and Atmospheric Administration (NOAA) has equipped nine polar satellites (from NOAA6 to NOAA14) with Microwave Sounding Unit (MSU) instruments [2] . MSU, which has four channels with center frequencies in the 50 to 60 GHz oxygen band, can provide atmospheric temperature information near the surface, in the mid troposphere, upper-troposphere, and stratosphere, respectively, according to its weighting functions. Because MSU measurements are not affected by non-precipitating clouds, MSU measurements provide a very useful atmospheric layered temperature record under nearly all weather conditions [3] . Starting in 1988, MSU (onboard NOAA14) is operating in parallel with Advanced Microwave Sounding Unit (AMSU). AMSU is on-board NOAA K, L, and M series and contains more channels than MSU with some of the channels having similar frequencies to that of MSU. Because of their obvious advantage in terms of global coverage and long-term observations over the past 30 years, MSU and AMSU data have been used widely for atmospheric temperature trend detection [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, even with continuous atmospheric-layered temperature observations from combined AMSU and MSU data, intersatellite biases among different AMSU/MSU datasets are still obvious, due to changing platforms, the effect of on-orbit heating and cooling of satellite components, and orbit drift errors [15] . This makes the utilization of AMSU/MSU measurements for climate change detection a great challenge. Therefore, it is important to have an independent dataset, with high accuracy and long-term stability, as a climate benchmark with which to calibrate AMSU/MSU datasets for the generation of long-term coherent atmospheric temperature records.
GPS radio occultation (RO) is the first technique that can provide all-weather, high vertical resolution (from~60 m near the surface to~1.5 km at 40 km) refractivity profiles [16] [17] [18] . The fundamental observable of GPS RO is a precise timing measurement that is referenced to ultra-stable atomic clocks on the surface of the Earth. Since GPS RO data are not affected by weather conditions, consequently, these databases are ideally suited for use as a climate benchmark data type [16] [17] [18] . This was demonstrated by comparing the collocated GPS RO data obtained between Challenging Minisatellite Payload (CHAMP) [19] and Satélite de Aplicaciones Científicas-C (SAC-C), which showed that the precision of the averaged GPS RO profiles is about 0.1 K between 10 and 20 km [20] . The precision of 0.1 K in the mean makes GPS RO soundings ideally suited for detecting subtle climate trends. Kuo et al. [21] have shown that the accuracy of GPS RO data is comparable to or better than that of radiosondes. Being an active sensor, the GPS RO measurements are not contaminated by persistent clouds, precipitation, and underlying surface conditions, and therefore, are ideally suited for atmospheric climate temperature trend detection [22] [23] . By using 49 months of high precision GPS RO data from CHAMP, Ho et al. [1] were able to characterize the differences of the monthly mean AMSU/MSU temperatures of the lower stratosphere (TLS) between the Remote Sensing Systems (RSS) Inc. [24] and University of Alabama in Huntsville (UAH) [25] groups where different data merging procedures and different satellite measurements are used as references. However, because CHAMP has only one GPS receiver, it takes more than three months to complete full diurnal coverage once over a region in the low and middle latitudes.
Recently, a series of six micro satellites namely, FORMOSAT-3/Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) mission (denoted as COSMIC hereafter) was successfully launched in April 2006 [26] . After the satellites were deployed to operational orbits,~2,500 GPS RO soundings have been available over the globe every 24 hours (Figure 1 ). With very high vertical resolution and accuracy, and about an order of magnitude of more soundings than previously available, with uniformly distributed data in time and space, the COSMIC RO technique presents a unique opportunity to present global trends of various atmospheric (temperature, humidity and water vapor pressure) and ionospheric parameters (electron densities, peak height of the F2-layer and critical frequency of the F2-layer) with unprecedented vertical and horizontal resolutions and several interesting studies have already reported using COSMIC-retrieved lower atmospheric and ionospheric parameters [26] [27] [28] [29] [30] .
The objective of this study is to present temperature profiles and trends using the COSMIC RO-retrieved and radiosonde instrument at three different regions including, Indian, Taiwan and Japan during in 2007. Here, the year 2007 represents a year where one would expect a good number of occultations points of around~2500/day from the COSMIC constellation around the world. In these circumstances, it is very much essential to verify temperatures profiles retrieved using the COSMIC RO technique with a well-known remote sensing instrument and this study presents such validation cases in 2007. The organization of this paper is as follows: In section 1, we present the introduction and the motivations to carry-out this research work. Section 2 presents a detailed data analysis procedure and methodology. Section 3 presents the observational results and associated discussion that supports the former. The conclusions are carefully listed in section 4, which follows acknowledgments and references. 
Data and Methodology
We have collected 'wet' temperature product (i.e., "wetPrf") available at the COSMIC Data Analysis and Archive Center (CDAAC) website in 2007 and the co-located radiosonde data have been archived from the atmospheric soundings website of Wyoming University, Wyoming, USA (http://weather.uwyo.edu/upperair/sounding.html). As far as the measurement mode of radiosonde is concerned, at the ground surface a highly directional radio direction finding antenna is used to obtain the wind speed and direction at various levels in the atmosphere by tracking the radiosonde and determining the azimuth and elevation angles. There are two important aspects that we have considered while doing the present validation study. The vertical resolution of COSMIC RO-retrieved temperatures is 100 meters [26] and such resolutions cannot be possible with radiosonde instrument. In order to achieve similar resolution for the co-located radiosonde measurements, we use linear interpolation technique so that similar trends can also be expected. Secondly, the horizontal distance between the radiosonde station and occultation event is within 120 km (spatial resolution) and the time window is one hour (temporal resolution). . In general, due to the presence of inhomogeneous distribution of variable humidity at the tropical latitudes, high-dynamics [31] will oftentimes present at lower tropospheric altitudes that would create retrieval errors in temperature profiles [32, 33] . On the other hand, the differences at upper altitudes might be due to ionospheric residual corrections. the extra-tropical regions could be due to the combined effects of troposphere and stratosphere [34] . 
Observations and discussion

Comparisons of temperature profiles during 2007
Comparison of temperature trends using radiosonde instrument
The monthly variations temperature trends at Taiwan region is shown in Figure 5 . From the Figure that often uses to distinguish the stratosphere and troposphere regions of the Earth's atmosphere that plays a significant role in stratosphere-troposphere coupling and exchange [34] . compared to the trends that observed during the northern hemisphere summer season [35] . 
Comparisons of temperature profiles during 2017
In order to verify the temperature profiles during a year when less number of occultations is available (less thañ 1,000/day around the world) [36] , it is important to know the accuracy of the COSMIC RO technique. In this regard, we present a few comparative studies at various locations in 2017. At outset, Figure 9 shows the number of occultations possible with six COSMIC micro satellites in 2017. It is quite obvious from this figure that though the early phase of 2017 shows occultations near to 800/day, too meager occultations are noticed, particularly, between April and September.
It is worth to mentioning here that the reduction in the number of radio occultation's per day may be attributed either due to residual contamination of the satellite signal by high water vapor concentration, onboard sensor degradation, aging of satellites and frequent shutdowns or spatial and temporal data resolution enhancements adopted at the CDAAC centre which are critical to assess the quality of satellite based retrieval data system. noticed at the tropopause altitude. In fact, a moderate difference in tropopause altitude and its spatial variation between radiosonde and the COSMIC RO technique measured temperatures can be seen and such moderate differences are also reported by other researchers from the Indian sector [37] . 
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Conclusions
The launch of COSMIC GPS RO technique has opened new avenues to study the global atmosphere with a relatively higher resolution from the surface of the Earth to an altitude of 800 km. By effectively utilizing huge database available from the COSMIC RO satellites, an attempt is made to explore the robustness of radio occultation technique by comparative analysis. In this context, we have observed several important results that are outlined as follows:
1) Validation studies of temperature profiles at individual locations including, Taiwan, Indian and Japan between COSMIC retrieved and radiosonde measured reveal a good agreement between them in 2007, although a few differences (below~5 km and above tropopause~16-17 km) are found
2) The few difference found at lower altitudes and upper altitudes could be due to the inhomogeneous distribution of humidity and ionospheric residual correction 3) Although there is a drastic reduction in the number of radio occultation's received per day in 2017 (~800/day), a similar coherence is found for temperatures observed with radiosonde and the COSMIC RO technique-measured ones.
4) It is revealed from the temperature monthly trends that a sharp temperature inversion, distinct seasonal variations i.e. maximum (minimum) magnitudes during the northern summer (northern winter) seasons.
5)
In the majority of the cases (India, Taiwan and Japan regions and these come under tropical and extra-tropical regions), the tropopause is located at around 16-18 km, and 6) Typical comparisons between vertical temperature profiles derived from COSMIC GPS RO data and near-by radiosonde measurements during 2017 reveal high coherency which provides confidence in temperature profiles derived from COSMIC RO data.
